This paper reviews the main results from a set of experiments carried out in a semiarid Mediterranean environment during the past 25 years on faba bean (Vicia faba L.), a crop traditionally grown in southern Italy and Sicily under rainfed conditions. These experiments focused on the residual effects of faba bean on subsequent crop(s) and assessment of the nitrogen (N) balance during the crop cycle, paying attention to both the environmental release of N (losses via volatilisation and denitrification) and estimates of N2 fixation as influenced by tillage system, intercropping, and presence/absence of mycorrhizal inoculum. Faba bean relied on N2 fixation more than other grain legumes typically grown in the Mediterranean region (e.g., chickpea). Contributing reasons were the higher plant N demand of faba bean and its lower capacity to use soil mineral N. This implies higher N benefits for subsequent crop(s) as well as higher risk of N losses from the plant-soilatmosphere system via leaching, denitrification, and volatilisation. Results from these experiments contribute to better defining the role of faba bean in Mediterranean agro-ecosystems and to identifying technical solutions that maximise the potential benefits of faba bean as a fertility-building crop.
Introduction
Faba bean (Vicia faba L.) is one of the oldest grain legume crops. Seeds of the species can be traced back about 10,000 years to northwestern Syria, so it has been suggested that it be added to the list of eight species considered crop founders (Tanno and Willcox, 2006) . In its long history, this species has been grown over a wide latitude range for many uses, including as food (dry, fresh, canned, frozen), feed, forage, and green manure. Recently the species has been evaluated for its potential to produce either biogas or ethanol (Petersson et al., 2007) . The protein fraction could be used for animal feed and the carbohydrate-rich fraction for biofuel production, as proposed for other legumes (Lamb et al., 2014; Amato et al., 2016) .
The seeds of faba bean are valuable for human and animal nutrition mainly because of their high protein content (which can be greater than 30% on a dry matter basis) and energy supply (a starch content usually greater than 40%). Faba bean seeds may contain some compounds (as tannins, vicine, and convicine) that may cause health problems in particular situations. However, great genetic variability has been observed, and new varieties with little or none of these compounds are now available. The health benefits of a faba bean-enriched diet are due to the fiber, vitamin, and mineral content (Champ, 2002; Ofuya and Akhidue, 2005) and include a decrease in plasma low-density lipoprotein cholesterol (Frühbeck et al., 1997) .
Despite its long history of use as food and feed, from the beginning of the 1960s to the beginning of the 1990s faba bean cultivation worldwide decreased from more than 5 million hectares to about 2 million hectares ( Figure 1 ). This decline was particularly strong in China, where the cultivated area decreased from about 3.6 million hectares in 1961 (66% of the total area) to about 0.8 million hectares in 1991 (39%). During the past 20 years the global area devoted to faba bean cultivation has remained stable at an average of 2.4 million hectares. From 1961 to 2013, the grain yield on average increased from 1.0 to 1.7 Mg ha -1 (however, this increase was less than that observed for the major cereals), and therefore the world's production experienced a total reduction of about 15%.
The Mediterranean basin is one of the regions where faba bean was historically cultivated and used for food and feed. At the beginning of the 1960s the species was cultivated on more than 1.1 million hectares, but a marked decrease in this area was observed in the mid-1990s, mainly because of the dramatic decline in cultivation in Italy (from approximately 540,000 to 40,000 ha; Figure 2 ). In contrast, in the North African and West Asian countries of the Mediterranean basin crop surface area was on the whole quite stable.
In southern European countries, particularly in Italy, the decline of the species was mainly due to the substitution in animal feed to predominantly imported soybean grains and cakes. For example, while Italian faba bean production declined from about 400,000 Mg (in 1961) to about 70,000 Mg (in 2013), the importing of soybean (seeds and cakes) increased from about 220,000 Mg (in 1961) to about 3.2 million Mg (in 2013). However, the crop was also abandoned because of its lower profitability compared to other cash crops (particularly cereals) and the strong unreliability of its grain yield. The minor gain in terms of grain yield and stability observed with faba bean compared to other crops, particularly wheat, is in turn due to the lack of agronomical and genetic research. In fact, in the Mediterranean regions, farmers frequently use local populations because of the limited availability of improved varieties suited to the semiarid environment. Furthermore, the crop is often cultivated using traditional methods, as very few innovative techniques have been promoted, particularly for the control of parasites and weeds.
Reintroducing faba bean and other grain legumes into Mediterranean rainfed cropping systems involves several agronomic, environmental, and ecological services and is in line with the need to reduce the negative impact of agriculture on the environment by reducing the use of nonrenewable resources and chemicals. In fact, because of its ability to fix atmospheric nitrogen (N) by means of symbiosis with Rhizobium, faba bean, as well as other legumes, could contribute to reducing energy use for manufacturing, transporting, and supplying synthetic N fertilisers. Moreover, the reduced use of energy (mainly derived from fossil fuels) as well as the reduced emission of nitrous oxide compared to N-fertilised non-legume crops (Rochette and Janzen, 2005) can substantially reduce the greenhouse gas emissions of the entire cropping system. Furthermore, faba bean contributes to the improvement of the entire cropping system through crop diversification, enhanced yields of subsequent crops, improvements to the soil, and positive effects in terms of pest and weed control.
The aim of this paper is to review the results of a set of experiments carried out on faba bean in the Mediterranean environment during the past 25 years to better understand the potential role of the species in improving the sustainability of rainfed cropping systems of the Mediterranean region and to identify technical solutions that maximise the potential benefits of faba bean as a fertility-building crop.
Study area
All experiments (whose basic description is reported in Table 1) were conducted under rainfed conditions at the Pietranera farm (Santo Stefano Quisquina, AG, Italy; 37°30' N, 13°31' E), which is located in a hilly area of the Sicilian inland. The farm covers approximately 700 ha and has a variety of soil types, morphologies, and orographies. It has a semiarid Mediterranean climate with a mean annual rainfall of 552 mm, most of which falls in the autumn/winter (74%) and spring (18%). There is a dry period from May to September. The mean air temperature is 15.9°C in autumn, 9.8°C in winter, and 16.5°C in spring.
During the 25-year period in which the experiments were performed a high variability for total annual rainfall was recorded (range from 276 to 866 mm). Moreover, the field experiments analysed in this paper were conducted in various soils (classified as Typic Calcixerept, Vertic Haploxerept, Chromic Haploxerert; USDA Soil Taxonomy, 2010) that differed in their physical, chemical, and mineralogical characteristics [range for clay content: 26.7-57.2%; range for sand content: 27.0-48.6%; range for total C (Walkley-Black): 0.63-1.68%; range for pH (1:2.5 H2O): 7.5-8.5].
Yield, yield stability, and benefits for subsequent crops
Among the reasons for the gradual decline in grain legumes (and particularly faba bean) in the Mediterranean areas are low productivity (which often results in low income for famers) and the high yield instability. A comparison of the grain yields of different crops grown under the same pedo-climatic conditions obtained from our experiments showed an average grain yield in faba bean 40% that of wheat (1.8 vs 4.5 Mg ha -1 , respectively; 25-year average data) and a much higher variability in production than in the other crops under investigation (coefficient of variation, CV=47% for faba bean vs CV=32% for durum wheat). Faba bean is in fact extremely sensitive to both abiotic (drought, high temperatures) and biotic (viruses, fungal diseases, pests, nematodes, weeds) stresses that can markedly affect grain yield. Nevertheless, very little attention has been given to identifying ecological, biological, and edaphic conditions favorable to the growth and health of faba bean (and other grain legumes, such as chickpea, lentil, and grasspea) and thus to defining agronomic strategies able to maximise and stabilise yield. However, a complete assessment of the potential of faba bean needs to take into account the multiple effects that the introduction of this crop has on the entire cropping system.
It is well documented that introducing legumes into the crop rotation has positive effects on subsequent crops, increasing grain yield and enhancing grain quality. In their review, Preissel et al. (2015) reported that in the Mediterranean environment, the grain yield of cereal crops grown after legumes is 0.2-1.5 Mg ha -1 (9-79%) greater than the yields obtained after the growth of cereals or sunflower.
In a long-term experiment carried out in a Mediterranean environment (Exp1, see Table 1 ; and, for further details, see also Ruisi et al., 2015 Ruisi et al., , 2016 , in which different tillage techniques and crop sequences were applied, the inclusion of faba bean in the crop sequence resulted in i) a grain yield of the subsequent durum wheat 40% greater than continuous wheat (Figure 3) , which occurred despite a 50% increase in N fertilisation in the latter condition (from 80 kg N ha -1 in wheat-faba bean to 120 kg N ha -1 in continuous wheat); ii) an improvement in grain protein content (from 13.6% in continuous wheat to 14.1% in wheat-faba bean); and iii) an increase in the grain yield stability of durum wheat with respect to both wheat grown after berseem clover and continuous wheat, as highlighted by lower CV values. The latter result is of considerable importance, especially for the Mediterranean environment, which is characterised, as is well known, by great variability in cli- The benefits of faba bean as a previous crop are not exhausted in the year following the cultivation of this legume; on the contrary, these benefits may extend, at a lower level, even to succeeding years. A 6-year study carried out in Sicily by Giambalvo et al. (Exp3, see Table 1) found that the inclusion of faba bean in the cropping system resulted in an increase in the subsequent cereal crop (durum wheat) of about 50% on average (Figure 4) , and moreover significant yield increases were also observed in the second cereal following faba bean (+11% on average), confirming the findings of Wright (1990) .
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In general, the positive effects of faba bean on the performance of the subsequent crop are attributed to both N and non-N benefits, the former resulting from both the N-sparing effect of the legume and the release of N mineralised from residues (above and below ground) and the latter resulting from the breaking of pest cycles, a possible reduction of weeds, and a general enhancement of soil fertility. It is difficult to assess the relative importance of these two types of benefits (N and non-N benefits) because, as argued by Jensen et al. (2010) , often the two are mixed, with the weight of one or the other varying in relation to various factors, both environmental and agronomic (soil type, climate, crop, agronomic management, etc.). In most literature, the N benefits play a predominant role, and in this regard a study conducted by us (Giambalvo et al., 2004; Exp7 , Table 1 ) showed that they can exceed 70% of the total benefit offered by faba bean as preceding crop in comparison with wheat as preceding crop.
Symbiotic nitrogen fixation
Symbiotic N2 fixation by legumes is a biological process that markedly influences the sustainability of food and feed production. The amount of N2 fixed can vary greatly in relation to many factors, including the soil N availability, the legume species, its N demand and ability to accumulate N, environmental conditions that affect crop growth, and so on (Unkovich et al., 2010; Saia et al., 2016) . Over the past 25 years, we have made an effort to quantify N2 fixation by faba bean and to clarify to what extent different growing conditions may influence this process. The N2 fixation of faba bean was assessed in several experiments carried out in the field or in pots under a range of soil and climate conditions and types of agronomic management. In all cases, N2 fixation was estimated using 15 N techniques ( 15 N dilution and 15 N natural abundance techniques). The amount of N fixed by faba bean was on average 128 kg N ha -1 , whereas the percentage of faba bean N derived from symbiotic N2 fixation (%Ndfa) was on average 74% ( Figure 5 ; data from Exp1, 2, 4, and 6, see Table 1 ). These values are in the range of those reported for faba bean in Europe in the review by Jensen et al. (2010) . In our experiments, great variation was observed in %Ndfa (range: 50-93%) and especially in the amount of N fixed (range: 75-229 kg N ha -1 ).
According to Peoples et al. (2009) and Jensen et al. (2010) , N2 fixation seemed to be regulated to a greater extent by faba bean growth than by %Ndfa. In fact, analysing our data from Exp1, 2, 4, and 6 (Table 1) , we found no relation between biomass and %Ndfa ( Figure 6A ), whereas a close relationship was observed between biomass and the amount of N fixed ( Figure 6B ). Our data suggest that, over the total range of measured values for shoot biomass (from 2 to 13 Mg ha -1 ), around 23 kg shoot N was fixed for every megagram of shoot dry matter produced; this value is very close to that reported by Rochester et al. (1998) and by Sulas et al. (2013) . An even closer relationship was observed between grain yield and N fixed ( Figure 6C ): 56 kg shoot N was fixed for every megagram of grain produced. Furthermore, the highly significant linear relationship between N fixed and total N uptake found in our experiments ( Figure 6D ) highlights the possibility of estimating with good precision the amount of N fixed by faba bean on the basis of such a parameter, similar to the findings of Anglade et al. (2015) and Saia et al. (2016) for forage legumes.
It is well documented that the percentage of Ndfa of a legume is strictly linked to plant-available soil N, as high levels of soil N availability generally delay the formation of nodules and the onset of N2 fixation (Peoples et al., 1995; van Kessel and Hartley, 2000; Salvagiotti et al., 2008) . However, our data (from Exp1, 2, 4, 5, and 6, see Table a higher dependence on N2 fixation even under high levels of soil mineral N. In fact, levels of soil mineral N close to 200 kg ha -1 totally inhibited N2 fixation in chickpea, whereas under the same soil N supply faba bean still had levels of %Ndfa near 50% ( Figure  7A ). This result is in line with the findings of Schwenke et al. (1998) and Turpin et al. (2002) for faba bean and chickpea. On the whole, the amount of N fixed by faba bean increased with the N supply until 105 kg N ha -1 of soil mineral N ( Figure 7B ); further increases in soil mineral N progressively reduced N2 fixation. A similar trend was observed in chickpea, in which, despite the equal N supply, the amounts of N fixed were significantly lower than those recorded in faba bean. However, the increase in soil-avail- able N is generally attributable to an improvement in edaphic and environmental conditions able to positively influence both soil N dynamics and plant growth, and consequently plant N requirements. Therefore, the decreasing effect on N2 fixation caused by the increase in soil mineral N was, early on, largely offset by the increased N requirements of plants. Thus, on the basis of our data, the amount of N fixed by faba bean seems to be increased by strategies capable of ensuring vigorous crop growth (and consequently increasing N demand) and simultaneously able to reduce soil N concentration (e.g., growing this legume after an N-hungry crop, as suggested by Peoples et al., 2009) . In order to identify the parameters and define the strategies that can lead to an increase in both N2 fixation and yield in faba bean, it is necessary to understand the seasonal dynamics of N accumulation and its sources. These issues were addressed in an unpublished 2-year research study (Exp6, see Table 1 ) whose results suggested that N2 fixation was the main source of N for faba bean over the entire crop cycle, with values of %Ndfa always higher than 65% ( Figure 8B ). N uptake and the amount of N fixed were relatively low during early growth (0-42 days after sowing), but both increased rapidly after this period and reached their maximum at full flowering (2.5 and 1.6 kg N ha -1 d -1 , respectively, for N uptake and N fixed; Figure 8A and B). After this stage, the rates for both N uptake and N2 fixation declined slowly, dropping to almost zero after the mid-pod filling stage. The values for both N uptake rate or N fixed rate observed in faba bean were markedly higher than the corresponding values observed in chickpea in the early growth stages (from sowing to the end of flowering of faba bean) but lower in the later stages. Significant differences between faba bean and chickpea were also found in the amount of accumulated N derived from the soil (Ndfs; 46 and 67 kg N ha -1 for faba bean and chickpea, respectively; Figure 8C ). On the whole, these data suggest that faba bean is less able, compared to chickpea (and compared to the reference crop, which in this case was durum wheat; data not shown), to utilise the mineral N available in soil. Other studies have highlighted the fact that faba bean is less efficient in recovering N from the soil than other grain legumes and cereals, relating this result to the lower plant populations of faba bean (Rennie and Dubetz, 1986; Smith et al., 1987; Jensen et al., 2010) . We hypothesise other plausible explanations for these differences. First, these species may have a different root exploration capacity. Chickpea has a deeper and a more expanded root system than faba bean (Gregory, 1988) , which can allow chickpea to access N resources not available to faba bean. Second, but no less important, is that these differences could be related to the different patterns of plant growth and N uptake between the two species, with faba bean markedly earlier than chickpea. We have observed that faba bean has rapid early growth (faster than other legume species), and in this growth phase it efficiently utilises the soil N available (more than chickpea); moreover, its N demand is very high during flowering (at the end of this stage this crop has already accumulated more than 70% of its N requirement). In the Mediterranean environment, the flowering of faba bean falls between the end of winter and the beginning of spring, when the soil N available is still low because of the low rate of mineralisation of soil organic matter (as temperatures are not optimal for this process). In these conditions, faba bean must increase the N2 fixation process to satisfy its N needs; this makes the crop inefficient at utilising later available N. Therefore, our data suggest that the poor ability of faba bean to absorb mineral N from the soil is related to asynchrony between plant N demand and N availability in the soil. In contrast, chickpea showed little ability to utilise available soil N during the early growth stage (at that time, its growth rate and thus its N demand were both rather limited), whereas it was extremely efficient at utilising later soil N (comparable to the reference crop; data not shown) that became available when the N demand by the crop was at its maximum. Clearly, these patterns of soil N utilisation, so different between faba bean and chickpea, open up for each crop time slots in which the environmental release of soil N not taken up by The different abilities of faba bean and chickpea to recover soil inorganic N during the growing season surely contribute to explaining the greater levels of soil inorganic N at harvest (N sparing) after faba bean compared to chickpea (or durum wheat) that we observed in many experiments (Exp2, 4, and 6, see Table 1 ) carried out in the past two decades (Figure 9 ). On average, the N spared (calculated on the 0-0.40 m soil layer) by faba bean was 28 kg N ha -1 , whereas chickpea and wheat left essentially the same amount of residual N in the soil (19 and 17 kg N ha -1 , respectively). Spared N can contribute significantly to the N benefits measured in the succeeding crop, as shown in many experiments (e.g., Chalk et al., 1993) . However, in the Mediterranean environment, considering both the long period of fallow between the harvest of the legume crop and the sowing of the succeeding cereal (5-6 months) and the distribution of rain (which is often abundant during the autumn), inorganic spared N could be partially lost, with a potentially harmful impact on the environment.
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Symbiotic nitrogen fixation and agronomic management: tillage, intercropping, and mycorrhizal inoculation
Besides environmental conditions (temperature, soil type, etc.), symbiotic N2 fixation can be influenced by agronomic management practices, as reviewed by van Kessel and Hartley (2000) . In Figure  10 we report results from different experiments (Exp1 and 2, Table  1 ) we carried out on N uptake and N2 fixation in faba bean grown under two different soil tillage systems: conventional tillage (CT; moldboard plowing followed by shallow harrowing operations) and no tillage (NT). NT resulted, on average, in an increase in the amount of N fixed by faba bean (+22 kg N ha -1 ). This result is mainly attributable to an increase in the demand for N by the legume crop, as N uptake increased from 157 kg N ha -1 in CT to 172 kg N ha -1 in NT (Figure 10 ). Many long-term researches have highlighted the fact that in the Mediterranean environment the continuous application of NT often influences positively both crop growth and yield by improving soil fertility (increasing soil water storage, increasing soil organic matter and biodiversity, enhancing aggregation and aggregate stability, etc.; López-Bellido et al., 1996; Hernanz et al., 2002) . This suggests that plant N demand increases under NT with respect to CT; consequently, to satisfy their augmented N needs, legume plants under NT respond by increasing their reliance on N2 fixation. This was indeed observed in our trials, in which the %Ndfa increased from 69% in CT to 76% in NT. Obviously, the advantages of NT over CT do not always materialise. Rather, many times NT has no effect or, in some cases, can impair crop growth and productivity. Therefore, it is not surprising that some studies (e.g., Ruisi et al., 2012) have reported no influence of tillage system on faba bean N2 fixation in terms of either the percentage or amount of N fixed. Moreover, the advantage of NT over CT in terms of N2 fixation could also be partly attributable to the fact that when tillage is minimised, rates of mineralisation and nitrification are reduced, with a consequent decrease in soil N availability and consequently an increase in dependence on N2 fixation. The latter factor (the lower soil N availability in NT than CT) likely played a significant role in our experiments, as we observed an average increase in N fixed in NT compared to CT that was higher than that recorded for N uptake.
Intercropping legumes and non-legumes can increase N2 fixation, increasing the opportunity for N use complementarity (van Kessel and Hartley, 2000) . The non-legume crop utilises most of the available soil N, as it is generally much more competitive than the legume and much more able to absorb this element. However, this N depletion does not have negative repercussions for the legume crop, which is able to satisfy its N needs by increasing N2 fixation. This results in an overall improvement in N use efficiency with positive repercussions from an environmental point of view, so that crop diversification in space is considered an appropriate tool for developing more sustainable agriculture systems (Köpke and Nemecek, 2010) . However, the amount of N fixed by a legume in intercropped systems is often lower than that fixed by the Table 1 ). Vertical bars represent±standard error. For each experiment, *, **, and *** denote significant differences between faba bean and both chickpea and wheat at P≤0.05, P≤0.01, and P≤0.001, respectively; ns, not significant at P≤0.05. monocrop, generally because of the lower density of the legume plant and increased competition for resources (nutrients, water, light) with the non-legume crop. We performed a pot experiment (Exp8, see Table 1 ) in which faba bean was grown alone or intercropped with durum wheat in the presence or absence of mycorrhizal inoculum. The results were totally in agreement with what was just asserted: the percentage of Ndfa (measured at the early flowering stage) increased from 24% to 54% (in monocropped and intercropped faba bean, respectively) but with a reduction in the amount of N fixed beyond 50% (data not shown). Another advantage of intercropping is that N can be transferred from the legume to the associated non-legume crop. This can occur through several pathways: root N exudates, decomposition of legume tissues or nodules, arbuscular mycorrhizal (AM) fungi that can link the roots of the intercropped species. It is widely recognised that N transfer between plants is difficult to quantify, and it is even more difficult to obtain accurate information on the relative importance of the different pathways of N transfer (Høgh-Jensen, 2006; Chalk et al., 2014) . In the aforementioned pot experiment (Exp8), we estimated N transfer by labelling the faba bean's absorption of a 15 N-enriched solution via the stem. In the mycorrhizal treatment the amount of N transferred by faba bean to the associated durum wheat was estimated to be about 4% of the N accumulated in the legume crop, whereas in the non-mycorrhizal treatment the N transfer was negligible (data not shown). This suggests that AM fungi played an important role in the exchange of N between companion crops. Our results also showed that AM fungi positively influenced the percentage of N fixation (measured at the early flowering stage) in the intercropped faba bean (from 49% to 61%) but not when the legume was grown alone (24% on average; data not shown). Several studies have shown that AM symbiosis improves plant growth and nutrient uptake, particularly when plants are grown under nutrient-limiting conditions (Saia et al., 2014) . In our experiment, faba bean grown alone likely had access to sufficient amounts of nutrients to meet its needs and thus did not benefit from symbiosis with AM fungi. In contrast, in the intercropped system, the highly competitive nonlegume component depleted nutrients from the soil, thus increasing the dependence/interest of the faba bean on activating mycorrhizal symbiosis to satisfy its needs. Clearly, many other agronomic factors (e.g., genotype, inoculum, sowing time and density, fertilisation, weed control strategy) influencing both crop growth and N soil availability can have a significant impact on the N2 fixation process. Many of these factors require investigation to enhance the role that faba bean can play in cropping systems in order to increase the sustainability of production processes. N, nitrogen. *Includes N in straw after grain harvest plus an estimate of belowground N; °calculated as (N uptake of wheat after legume) -(N uptake of wheat after wheat); #calculated for each legume as (Wheat N benefit)/(Residue N from biomass) × 100; § the amount of fertiliser N that is necessary to provide wheat grown after wheat to obtain the same yield of no N fertilised wheat grown after legume. Data are means of 2 years. For each trait, different letters denote significant differences among the crop sequences at P<0.05.
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Nitrogen balance
Cultivating a grain legume crop increases the soil N pool only when the amount of N fixed by the legume is greater than the amount of N removed with grain and/or residues. In other words, the N balance is positive only when %Ndfa values are higher than those of the nitrogen harvest index (NHI). Clearly, the legume contribution to the soil N pool should be increased through an increase in N2 fixation and not a reduction in NHI, as low NHI values underlie low plant production and poor quality.
Data from our studies (Exp1, 2, 4, 5, and 6, Table 1) showed that faba bean had a positive N balance (+12 kg N ha -1 on average; Figure 11 ) but with consistent variation (range: -44 to +73 kg N ha -1 ) site by site and year by year. However, we have seen that soil and climatic conditions have a strong influence on plant growth, grain yield, and N2 fixation. Although the contribution of faba bean to the soil N pool could appear poor, it is markedly higher than that found in other grain legumes grown under the same conditions (chickpea: Figure 11 ; lentil and pea: see Figure 4 in Ruisi et al., 2012) . This result must be due more to the greater dependence of faba bean than the other grain legumes on N2 fixation than to differences in NHI. The results of our research on N balance are in agreement with those of other authors (Walley et al., 2007; Hauggaard-Nielsen et al., 2009 ) who compared several grain legumes (chickpea, common bean, faba bean, lentil, etc.).
In any case, the N balance, as it is generally calculated, ignores N rhizodeposition (which includes root exudates and root tissues and nodules that decompose during the crop cycle and after the crop harvest), thus leading to an underestimation of the contribution of the legume to the soil N pool. Some studies have shown that the contribution of faba bean belowground N may represent from 15% to 40% of total plant N (as reviewed by Jensen et al., 2010) ; this has been calculated to be up to 100 kg N ha -1 of additional N deposited in the soil, thus improving consistently the soil N balance and representing an important source of N for subsequent crops. However, it must be highlighted that the efficiency of use of N in the legume residues (both below and above ground) depends on many factors, including the length of time between harvesting of the legume and sowing of the subsequent crop, legume crop residue management, soil tillage management, the rate of organic matter mineralisation, climatic conditions, and the degree of synchrony between the release of mineral N from residues and the timing of requirements for N of the subsequent crop (Crews and Peoples, 2005) . Clearly, the more the N from residues is not used by the crop, the greater the potential for N losses due to leaching, denitrification, and volatilisation.
The fate of the N in the residues of legume species, including faba bean, has often been monitored through 15 N-labeled residues. Several studies have shown that generally less than 30% of the N in legume residues is used by the subsequent crop (generally a cereal) and that this amount of N represents a small portion (often <10%) of the total amount of N accumulated by the subsequent crop (Peoples et al., 2009) . However, the 15 N-labeled residues method leads to an underestimation of the contribution of the legume species to the total amount of N accumulated by the subsequent crop, as a considerable part of the 15 N supplied through the legume residues is immobilised by soil microorganisms and, at the same time, unlabeled N (through the mineralisation of older soil organic N) is made available for crops (N pool substitution; Peoples et al., 2009) .
A 2-year study (Exp7, see Table 1 ) we performed to evaluate the benefits of several legumes on the N uptake of a subsequent wheat crop seems to corroborate this hypothesis. Data showed an apparent recovery of faba bean N higher than 60% and a contribution of faba bean N to the total amount of N accumulated by the cereal of about 30% (Table 2) . Furthermore, the values observed for faba bean were significantly higher than those observed for both chickpea and pea. We presume that the differences among the legume species are attributable to the different compositions of the crop residues (C/N ratio, content of lignin and other components, etc.) able to influence the rapidity of their degradation by microorganisms in the soil. Moreover, in the same study the N benefits of including faba bean in the cropping system were quantified in about 65 kg ha -1 of N fertiliser, a result that further emphasises the positive role of faba bean in reducing N inputs for subsequent crops and consequently mitigating the impact of agriculture on the environment. Considering the importance of this issue, further research is needed to evaluate the benefits from these and other legume species in other environments, due to probable species × environment interaction.
Nitrogen gaseous emissions
There is much debate over the effects of growing legumes on the extent of N gaseous emissions. On the one hand, it can be assumed that the increase in soil N availability generated by the presence of a legume in the cropping system can lead to increased risks of environmental release of this element; on the other hand, only a few experiments have confirmed this hypothesis (Rochette and Janzen, 2005; Senbayram et al., 2016) . In contrast, many studies have shown that gaseous N losses during the growing season are lower for annual legumes than for annual non-legume crops. In a review using data from 71 site-years, Jensen et al. (2012) highlighted the fact that soils under legumes emitted a total of 1.29 kg N2O-N ha -1 during a growing season, a value markedly lower than that observed for soils under N-fertilised crops (3.22 kg N2O-N ha -1 ) and very similar to that observed for soils left unplanted or soils under unfertilised non-legume crops (1.20 kg N2O-N ha -1 ). However, it is noteworthy that most of the studies published to date on this topic have been carried out in temperate climate regions, often using soybean as the legume crop. To date, very little research has been conducted in Mediterranean conditions to estimate the N2O flux from legume crops typically grown in this environment, such as faba bean. Therefore, we conducted a 2-year study within the framework of Exp1 (an ongoing long-term trial started in 1992; see Table 1 ) whose data are summarised in Figure  12 . On average, no differences were found in N2O-N emissions during the growing season between faba bean and continuous wheat or wheat grown after faba bean, in agreement with the findings on lupine in Australia (Barton et al., 2011) and common bean in Mali (Dick et al., 2008) . Since no N-fertiliser was applied to faba bean (whereas 80 and 120 kg ha -1 of mineral N were applied, respectively, to wheat grown after faba bean and to continuous wheat), hence the lack of differences among the three crops for N2O fluxes are probably to be connected to the N rhizodeposition of faba bean during the crop cycle, as also suggested by Rochette and Janzen (2005) . In addition, we hypothesise that a considerable contribution could derive from the moderate ability of faba bean to utilise mineral N in the soil. In fact, both mechanisms lead to an increase in NO3 -available for potential denitrification losses. Moreover, N losses through volatilisation (i.e., NH3-N emissions) were also monitored in the same 2-year experiment. These N losses were markedly lower in soils under faba bean compared to wheat, and in this latter crop they varied widely in relation to the amount of N fertiliser applied (data not shown). Thus, it is evident that introducing faba bean into the cropping system allows for a consistent reduction in the use of N fertilisers, which in turn results in reduced emission of NH3 and thus a reduction in the impact of production processes on the environment.
Rotational benefits not related to nitrogen
As previously mentioned, the introduction of a legume such as faba bean into a cropping system can provide, besides the aforementioned N-related benefits, a range of other potential benefits, such as improvements in the physical, chemical, and biological 
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properties of the soil and reductions in weeds, diseases, and pests (Rochester et al., 2001; Kirkegaard et al., 2008; Peoples et al., 2009; Jensen et al., 2010) . It is well known that, similar to what happens in natural ecosystems, the greater the increase in biodiversity (achievable through an increase in the number of species present in the cropping system), the greater the increase in crop yield and stability. However, the results of studies carried out to evaluate the effects of different cropping systems (with or without legume species) on the physical, chemical, and biological characteristics of soil (most of which have been conducted in temperate regions) are often contradictory, reporting in some cases benefits but in other cases null or even negative effects (McDaniel et al., 2014; Tienmann et al., 2015) . This discrepancy can be attributable to several factors: variability in the duration of the experiments, differences in the species and crop sequences investigated, variability in the agronomic techniques adopted (fertilisation, crop residue management, etc.), or differences in the pedo-climatic characteristics of the experimental sites. Data (still not published) obtained from a study performed within the framework of Exp1 (Table 1) showed that adopting a faba bean-wheat crop sequence instead of continuous wheat resulted, after 22 years, in significant general improvement in soil quality, as highlighted by improvements observed in almost all biochemical parameters in both the 0-to 15-cm layer and the 15-to 30-cm layer ( Figure 13A and B, respectively). In particular, introducing faba bean into the crop sequence led to a small but significant increase in both the total organic carbon (C) and N contents (on average +5% and +4%, respectively) and an even larger increase in both the microbial biomass C and N contents (on average +16% and +11%, respectively). The respiration indicators (CO2 and qCO2) were markedly lower in wheat grown after faba bean compared to the continuous wheat cropping system, especially in the 0-to 15-cm soil layer. The CO2 and qCO2 parameters are reliable bioindicators of microbial stress and deterioration of soil quality, and their reduction may indicate an increase in soil microbial biomass efficiency, soil quality, and C sequestration, as observed by other authors (Marschner et al., 2003; Carney et al., 2007; Allison et al., 2010) .
Variations in soil biochemical parameters due to the introduction of faba bean into the crop rotation may result in changes in soil microbial community structure, as reported by Alvey et al. (2003) and Bünemann et al. (2004) . In our experiment (the same as before, performed within the framework of Exp1, Table 1), the increase in soil microbial biomass due to the introduction of faba bean into the rotation with wheat were linked to an increase in the bacterial community (in both soil layers investigated) of about +10% on average, whereas the fungal biomass increased only in the 15-to 30-cm soil layer (+15%; Figure 14A and B). The latter result can be a consequence of the higher C content observed in the soil, as also reported by other authors (Marschner et al., 2003; Stagnari et al., 2014) . Moreover, changes in the extractable C/N ratio may have produced a shift in bacteria/fungi between the two soil layers.
Pre-cropping with faba bean increased AM fungi by 10% and 20% in the 0-to 15-cm and 15-to 30-cm soil layers, respectively, compared to the continuous wheat cropping system (Figure 14) . These results suggest that faba bean as preceding crop is able to increase the potential for AM fungi colonisation for subsequent crops, with all of the benefits that can be derived from this, which include changes in the composition of the bacterial community able to promote plant-beneficial interactions involving hormone production, enhanced nutrient availability, and root health (Marschner and Timonen, 2005; Köpke and Nemecek, 2010) .
Conclusions
Studies carried out over a 25-year period have provided information on agro-ecological aspects of faba bean cultivation in a typical Mediterranean environment. Considering that most of the research on this species has been conducted in temperate climates, our findings contribute to better defining the role that faba bean can play in improving the sustainability of Mediterranean cropping systems.
On the whole, our studies highlighted the following. The amount of N fixed by the aboveground tissues of faba bean was on average 130 kg N ha -1 and in some cases close to 230 kg N ha -1 . On the whole, faba bean showed a greater ability to fix N2 compared to other grain legumes typically grown in the Mediterranean environment.
Significant relationships were found between N fixed and shoot dry matter and grain yield, indicating that around 23 and 56 kg N are fixed for every megagram of shoot dry matter and grain produced, respectively.
Faba bean was less able than other grain legumes (such as chickpea) to use mineral soil N. Our findings suggest that this may be linked to an asynchrony of N availability in the soil and plant N demand.
The low capacity to use mineral soil N contributes to the increased reliance of the species on N2 fixation to satisfy its N needs (as highlighted by high values of %Ndfa even at high levels of soil N supply) and to high levels of residual mineral N in the soil at harvest (with N sparing always higher than other species).
Faba bean was able to establish effective symbiotic relationships with AM fungi that positively influenced N2 fixation (particularly when plants grew in nutrient-limiting conditions) and also seemed to play a positive role in the transfer of N to companion crops in intercropping systems.
The increase in soil N availability (due to both N spared and N from crop residues), in addition to other non-N-related benefits, resulted, in comparison with non-legume rotation systems, in considerable increases in yield and quality for the subsequent cereal crop and, to a lesser extent, also the second cereal crop following faba bean. Moreover, pre-cropping with faba bean resulted in an increase in the grain yield stability of the subsequent non-legume crop compared to other preceding crops.
The introduction of faba bean into cropping systems, after an adequate number of years, led to a significant general enhancement in soil quality, highlighted by improvements in most biochemical parameters (total organic C, total organic N, microbial biomass C, etc.) and by significant changes in the structure of the soil microbial community.
No differences were found for N2O emissions during the growing season between faba bean and wheat, whereas NH3 emissions were markedly higher in soil under wheat compared to faba bean. Therefore, if one considers the entire cropping system, the introduction of faba bean, which allows a consistent reduction in the use of N fertilisers for the subsequent crop, leads to a reduction in anthropogenic N emissions.
On the whole, faba bean shows great value because of the numerous agronomic and environmental benefits it can provide. A relaunching of this crop in Mediterranean cropping systems is certainly desirable, especially if one considers, beyond the aforementioned benefits, the high value of the species as food and feed. To enhance the role of faba bean in the context of more sustainable agriculture, further research is needed to reduce yield instability and maximise its rotational benefits.
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